Abstract. Due to the severe intermittence, volatility and uncertainty of the output power, the integration of large scale photovoltaics (PVs) will inevitably impact the power flow and node voltage of a distribution network, and confront the network with higher operation risk. This paper carries out the operation risk assessment of distribution networks with high penetration of PV units, and develops measures to offset the risk. A probabilistic power flow calculation based on Monte Carlo method is proposed in this paper at first, then the operation risk assessment model for a distribution network is established based on the risk assessment indexes of node voltage and line power flow limit violation. The specific implementation of the risk assessment method is presented. Based on these works, specific risk countermeasures are proposed. The validity of the risk assessment method and effectiveness of the risk countermeasures are verified by simulation results.
Introduction
Photovoltaic (PV) unit has many advantages such as high conversion efficiency, environmentallyfriendly power, freedom of installation, easy maintenance and long service life [1, 2] . It has being widely applied in aerospace, communications system, military, transportation, urban construction, civil facilities and so on [3] .
As an essential part of the power system, the safe operation of distribution network is very crutial for the reliability and quality of the power supply of consumers. The intermittence and volatility of the PV unit power, which is mainly caused by weather and environment conditions, will have a significant impact on the voltage and power flow of the distribution network, and confront the network with higher operation risk for a higher penetration level of PVs [4] [5] [6] . In the event of safety accidents, the reliability of power supply will decrease, and primary devices may be damaged in worst cases [7] [8] [9] . Therefore, the accurate assessment of the operation risk of distribution network related to large-scale PV integration, and the development of risk countermeasures are of great significance to the operation safety of a distribution network.
Reference [10] establishes the probabilistic power model of wind and PV unit according to the wind speed and light irradiation intensity sampled by Monte Carlo method. It calculates the risk indicator of voltage limit violation based on the results of power flow, then the grid risks of voltage limit violation for different capacity and ratio of wind and PV unit are evaluated. Based on random faults of equipment, a rapid power outage risk assessment method for distribution network with DG integration is proposed in [11] . With the aid of Latin hypercube sampling technique, the system states for power outage risk assessment are obtained by partitioning, sampling and sorting the various system state variables. Considering the power randomness of DGs, reference [12] proposes an improved set of reliability indexes and determines the power outrage area and power supply recovery area utilizing the feeder zoning method. The operation risk of the entire network is calculated according to the risk indicator of each area. Reference [13] proposes a sequential Monte Carlo simulation method to evaluation the reliability of distribution network with DG accessing, and reference [14] applies importance sampling technology to evaluate the safety of power systems. In reference [15] , the risk theory is introduce into the power system security assessment. The indexes for calculating the risk of load-loss, voltage limit violation and overload are calculated. The total risk of the whole power system then is evaluated based on analytic hierarchy process. This paper carries out the operation risk assessment of distribution networks with high penetration of PV units, and develops measures to offset the risk. A probabilistic power flow calculation based on Monte Carlo method is proposed in this paper at first, then the operation risk assessment model for a distribution network is established based on the risk assessment indexes of node voltage and line power flow limit violation. The specific implementation of the risk assessment method is presented. Based on these works, specific risk countermeasures are proposed. The validity of the risk assessment method and effectiveness of the risk countermeasures are verified by simulation results.
Probabilistic Power Flow Calculation

Monte Carlo Method
Monte Carlo Method (MCM) is a numerical method based on probability and statistical theory that can solve many non-deterministic mathematical and physical problems. Its primary principle is to use random samples of a probability distribution and the corresponding probability to represent the posterior distribution a problem. The obtained result will be infinitely close to the optimal solution when the number of data samples is infinite.
Assuming {x 1 , x 2 ,…, x N } is the N-dimension sample set of the probability density function f(x) of a random variable x, the law of large number shows that the expected value obtained by Monte Carlo Method will converge to the mathematical expectation with a probability of 1 when N→∞. Combining with the fact that the occurrence probability of random events with a large number obeys a normal distribution, the error ε of Monte Carlo algorithm can be expressed as: Where σ(x) is the standard deviation of x and the constant a is the confidence level [16] .
Probability Power Models
PV Units. The power of a PV unit is mainly determined by solar radiation intensity and environment temperature of the PV array. The output power P m of a PV array is:
(2) where S ab is the total area of the PV array; I T is the total radiation; the photovoltaic cell conversion efficiency μ varies as the amount of radiation changes. Defining power temperature coefficient ξ as the ratio of the change of the PV array power to the per-unit change of the temperature, the actual output power P mt of a PV array in considering the change of the ambient temperature is:
Current research shows that light intensity in a short time obeys a normal distribution, thus the random power model of a PV unit can be obtained according to formula (1) and considering the probability distribution of the light intensity. When in grid-connection mode, the PV unit normally operates with a unit power factor by controlling its inverter, that is, no reactive power is required. Therefore, the node with a PV unit is generally treated as a PQ node in the power flow calculation.
Loads. The power of a load is time-variant, and its random fluctuation also may bring risks to the safe and stable operation of the power grid. When assessing the risk of a distribution network, it is necessary to consider the change of the load and to assess the impact of the power uncertainty on the operation of the grid. Time series load curve and non-time series load continuous curve are commonly used load curve models of different load assessment methods.
Probabilistic models of loads can be divided into discrete and continuous types. The discrete model represents the load by a series of discrete data, including the load power value its corresponding probability of each discrete point. As for the continuous load mode, a large number of statistics show that the uncertainty of the load can be approximated as normal distribution.
The probability density functions of the active and reactive power of a load can be expressed as:
where μ P /μ Q and σ
Q is respectively the expected value and variance of the active/ reactive power.
Power Flow Calculation Method
The implementation of the probabilistic power flow calculation based on Monte Carlo is:
(1) Collecting the historical data of the load power and light intensity, classifying them by seasons and weathers, then calculating the expected value and standard deviation of the load power and light intensity;
(2) Inputting the raw data required by the stochastic load flow calculations. In addition to the conventional system parameters, it also requires the expected value and variance of the normal distribution of the load power, probability distribution of the PV power; (3) Performing random sampling on the established probability power model of the distributed PV and load using Monte Carlo method. In order to guarantee the accuracy of the calculation, the light intensity and load power are sampled 10,000 times at each time step.
(4) Calculating the power flow based on the forward and backward substitution method, obtaining the node voltage and branch current; (5) Calculating the probability density function of branch current and node voltage according to the power flow calculation results.
Risk Assessment of Distribution Network
Risk Assessment Indicators
This paper mainly considers the operation risk of the distribution network brought by the randomness of the power of distributed PV units and the fluctuation of the load. Neglecting the faults of the grid, we use the node voltage limit violation and line power flow limit violation as the indicators to quantify the operation risk.
Voltage Limit Violation Risk Indicator. The probability of the node voltage exceeds the upper or lower limit can be calculated as:
where By using the voltage deviation as the severe consequence function in the risk calculation, the severity of the upper limit violation or lower limit violation of the node i voltage at time t is:
where V o (t) is the average value of the node i voltage exceeding the limit at time t. The risk of voltage limit violation of node i is:
Branch Power Flow Limit Violation Risk Indicators. The probability of the branch i power flow exceeds the upper limit is: where I i (t) and I i max is respectively the actual value and upper limit of branch i current at time t, and I i max is determined by the wire specification. I o (t) is the average value of the branch i current exceeding its limit at time t.
P I t P I t I F I
The risk of power flow limit violation of branch i is:
Comprehensively considering the risk of node voltage limit violation and branch power flow limit violation, the overall risk function of the system at time t is:
Where R vi (t) is the risk of voltage limit violation of node i at time t, n is the total number of the nodes; R ii (t) is the risk of power flow limit violation of branch i at time t, m is the total number of the branches; ω 1 and ω 2 are the weights of the two types of risk indicators respectively. ω 1 =ω 2 =0.5 is preferred in this paper.
Risk Assessment Process
(1) Calculating the probability density function and cumulative distribution function of node voltages and branch currents according to the Monte Carlo method proposed in Section 1.3;
(2) Calculating the probability of the node voltage limit violation and branch power flow limit violation according to the obtained cumulative distribution functions; (3) Calculating the severity function and risk index of node voltage limit violation and branch power flow limit violation based on probability distribution, and propose counter-measures based on these results.
Risk-offset Measures
We propose the following three kinds of measures to offset the risk related to the integration of large-scale distributed PV:
Transformer Voltage Regulation. Utilizing the on load tap changing transformer to regulate the node voltages according to the fluctuation of the voltage, to maintain the voltage of each node to be within the specified limit ranges.
PV Decentralized Integration.
The voltage of a node integrated with a PV unit with a large capacity tends to exceed the upper limit easily. To cope with this situation, we can reduce the capacity of the PV unit of each node to effectively reduce the associated risk.
PV Power Discarding. In situation when the output powers of PV units are relatively large, we can cut off some photovoltaic panels to discard a portion of the PV power. This so-called PV power discarding measure can be helpful to control the node voltage and branch power flow to be within a reasonable range, thus reduce the operation risk of the distribution network.
Simulation Verification System Model
Simulations are carried out on the IEEE-33 nodes standard system. Figure.1 shows the topology of this network. Figure 1 . Topology of the IEEE-33 nodes system.
The total load is 5084.26+j2547.32 kVA. All the wire specifications of the branch lines are LGJ120/7 with an allowable current of 350A. We use load powers given in the original system as the maximum load of each node in a day to generate the load curve. Figure.2 shows the load curve of node 1. The expected value E(F) of the load is obtained by sampling the load curve with a constant duration of 10-minute, the standard deviation σ(F) is 10% of E(F).
Two PV units, that is of a capacity of 1500 kW and 1000 kW, is in paralleling to the node 12 and 16 respectively. The maximum light intensity on this day is 1200W/m 2 , and Figure. 
Risk Assessment Results
Taking node 17 as an example, the probability of voltage limit violation at each time moment is shown in Figure. 4, and the severity of voltage limit violation is shown in Figure. 5.
Time(hours) Table. 1 shows the risk assessment results for all nodes at 10:00 am. The over-limit probability of all branches are zero. The risk coefficient of the system is shown in Figure. From the above results we can be seen that the over-limit probability of the branch current is 0, and the node voltage limit violation is the main source of the operation risk of the distribution network.
The risk level of the distributed network varies with changes of the powers of the load and PV units. When the load decreases and the PV power increases (e.g. from 9:00 am to 11:00 am), the operational risk of the system increases significantly.
Validation of the Countermeasures
(1) Transformer voltage regulation. The tap adjustment range of a normal distribution transformer is U N ±2×2.5%. According to the risk prediction results, we adjust the tap of the transformer from U N to U N ×97.5% during the period when the probability of voltage limit violation increases significantly, thereby changing the overall voltage distribution of the line and reducing the operation risk of the distribution network. Figure. 7 shows the system risk coefficients before and after the voltage regulation. As can be seen from Figure. 7, the system risk coefficients at all times after voltage regulation are zero, which proves that the transformer voltage regulation method can effectively avoids the risk associated with the node voltage limit violation.
(2) PV decentralized integration. We distribute the 2500 kW PV unit evenly to all the 32 nodes, i.e. each node integrates with a PV unit with a capacity of 78.125 kW. The simulation result is shown in Figure. It can be seen from Figure. 8 that after the decentralization of the PV unit, the system risk coefficient at all times is basically zero, thus the risk of the node voltage limit violation can be effectively relieved.
(3) PV power discarding. Figure.9 shows the system risk coefficient for PV power discarding rate of 0%, 10%, 20%, and 30%. The simulation results shown in Figure. 9 verify that the PV power discarding also can help to reduce the system operating risk, and the higher rate of the discarding, the more effectiveness of the risk reduction. For the discarding rate of 20%, the risk coefficient of the system is significantly reduced. As for the discarding rate of 30%, the risk coefficient of the system drops to zero at all times.
Conclusion
By performing the probabilistic power flow calculation based on Monte Carlo method, this paper carries out the research of the operation risk assessment of a distribution network with large scale distributed PV units, and puts forward countermeasures such as transformer voltage regulation, PV decentralized integration and PV power discarding.
The primary risk caused by the integration of large scale PV units to the distributed network is node voltage limit violation, and the variation of the risk level is closely related to the real-time power of PV unit and load demand. .
All the proposed three kinds of risk-offset measures can reduce the system risk effectively. However in practice, it is necessary to further consider the economics of different measures such as the PV power discarding.
